Abstract Inductively coupled plasmas (ICPs) are used in spectrochemical analyses. The introduction of the sample by means of an aerosol are widely used. The introduction and the total evaporation of the aerosol is required in order to obtain a good repeatability and reproducibility of analyses. To check whether the vaporization of the aerosol droplets inside the plasma is completed, a solution could be used to compare the experimental results of the emission spectral lines with theoretical results. An accurate calculation code to obtain monatomic spectral lines intensities is therefore required, which is the purpose of the present paper. The mixtures of argon, water and nitric acid are widely used in spectrochemical analyses with ICPs. With these mixtures, we calculate the composition, thermodynamic functions and monatomic spectral lines intensities of the plasma at thermodynamic equilibrium and at atmospheric pressure. To obtain a self sufficient paper and also to allow other researchers to compare their results, all required data and a robust accurate algorithm, which is simple and easy to compute, are given.
Introduction
Inductively coupled plasmas (ICPs) are widely used for spectrochemical analyses such as soil elements analysis and geological analysis through the dissolution of the elements inside a liquid solution [1∼4] . The measurement techniques and sample introduction by means of an aerosol are now widely used with a high accuracy but with a strong hypothesis: the droplet has to be totally vaporized and the plasma has to stay at a given thermodynamic state [1∼5] . As a matter of fact, the chemistry and the transport of the liquid droplets inside the plasma are not well understood. The droplet injection influences thermodynamic state of the plasma. When the aerosol is chosen with an appropriate droplet size, experimenters assume that the vaporization occurs quickly [6∼8] . The droplet vaporization inside the plasma influences directly the composition of the plasma. So the emission of spectral lines depends on the proportion of chemical species inside the plasma. Knowing that many such parameters influence the transport of the aerosol inside the plasma, such as turbulence, gravitational loss, viscosity and also that the solvents can reduce significantly the temperature inside the plasma, the lowering of the intensities of spectral lines can be observed. Consequently analysts must check their measurements and note the repeatability of acquisitions of the monatomic spectral lines intensities. To obtain the characterization of the plasma, a comparison of the experimental spectral intensity with a monatomic spectral intensity calculation made at thermodynamic equilibrium with the assumption of optically thin plasma should be useful and easy to execute. Unfortunately, although it is a mixture widely used in geological and spectrochemical analyses, to our knowledge, no data on the composition, thermodynamic functions and monatomic spectral lines for argon, nitric acid and water mixture have been published. First, we have to obtain the plasma composition. For this purpose, we can use mass action laws or use the Gibbs free energy minimization principle. Several numerical methods of resolution exist and numerous papers have been written on this subject and various algorithms presented [9∼13] (non exhaustive list). Recent papers have been published to describe the numerical methods: we can cite the work from GODIN et al. [14] describing a method based on mass action laws and also the fine and precise work from COUFAL et al. [15, 16] and the cited literature presenting a method based on Gibbs free energy minimization. In this paper, we propose to use an approach using Lagrangian multipliers to address the conservation of nuclei, the electrical neutrality and Dalton's law, and solve the system with a Newton-Raphson numerical method. This numerical method is easy to execute in any programming language or via mathematical software, allowing one to code the program as a routine in the exploiting code of industrial ICP torches. Furthermore, with the proposed convergence test, it is accurate, and one can even achieve better cpu time than with other numerical methods [15, 16] . We have also noticed that several free calculation codes are available on websites
[17∼19] (non exhaustive list here).
To perform the calculation, we need all the chemical potentials of each chemical species to be taken into account. Since polyatomic species appear at low temperature, only the low excitation quantum energy levels are populated. Consequently, their standard thermodynamic functions are given in databases [20∼22] can be used in a valid way. Unlike the diatomic chemical species, which are present at a higher temperature (>6000 K) and consequently have their excited energy levels populated. Consequently, we need to take into account higher excitational quantum levels. In JANAF's [21] table or in BARIN's table [22] only the ground state and lower energy state have been taken into account. These data are available for temperatures lower than 6000 K and 2000 K, respectively. The temperature of the plasma inside an ICP torch usually falls between 4000 K and 15000 K. For higher temperature the monatomic thermodynamic functions have to be calculated at each temperature step to take the lowering of ionization energy into account [23, 24] . In this paper we propose to calculate the monatomic standard thermodynamic functions taking into account only the energy levels that are known and given in tables [25] . Then, we supply fitting coefficients to get the monatomic species thermodynamic functions. We compare and estimate the difference of values for the monatomic spectral lines intensities using these two methods in the temperature range from 1000 K to 20,000 K.
In this paper, we provide the chemical composition data of the plasma between 1000 K and 20,000 K for a plasma composed of nitric acid, water and argon. The two considered mixtures are composed of 99.90% Ar, 0.098% HNO 3 , 0.002% H 2 O in weight percentage for mixture 1 and 99.50% Ar, 0.496% HNO 3 , 0.004% H 2 O in weight percentage for mixture 2. In order to compare the properties of these plasma mixtures, we have also reported the classical pure argon plasma. These three plasma types have been chosen since they are widely used in spectrochemical analyses with ICP torches. We chose to conduct the calculation with an assumption of thermal and chemical equilibrium. As a matter of fact, in industrial ICP torches, the spectral measurements are always made in the warmest zone of the plasma, which can be considered at chemical and thermal equilibrium [26∼28] . The internal and translational temperatures are consequently assumed to be the same for each chemical species.
Firstly, we describe the calculation method. We provide all the data required to obtain the composition, the thermodynamic functions and the intensities of the monatomic spectral lines. Secondly, we compare and discuss the results of heat capacity at constant pressure and enthalpy versus temperature. Thirdly, the results of the useful spectral intensities are discussed.
Calculation of plasma composition
The plasma chemical compositions at chemical and thermal equilibrium can be stated by a thermodynamic function. We use the minimization of Gibbs free energy to determine the composition versus the temperature at atmospheric pressure of the considered plasma. At temperature T and pressure P , the Gibbs free energy is written as:
where N i is the mole number of chemical species, N is the number of different chemical species presented in the plasma and gas, µ 0 i is the chemical potential of i species at standard pressure P 0 (10 5 Pa), R is the molar gas constant. T i is the temperature of each chemical species i and is equal to the temperature T in the considered case since we assume thermal equilibrium.
To solve the system of equations, we need two other physical equations:
1) The electrical neutrality and the nuclei conservation:
where m is the number of different nuclei equal to 4 in our case (Ar, N, O, H). j = 0 is devoted to the electrical neutrality. a ij represents the nucleus number of type j for particle i; b j is equal to the number of different nucleus types in the initial mixture; a i0 represents the number of elementary charge for particle i; so electrical neutrality imposes b 0 = 0 (see Table 1 ).
2) The Dalton law is written as:
where n i is the molar density of the i chemical species, V the considered volume and ∆P is the pressure correction due to the Coulomb interaction [23, 24, 29] . By introducing Lagrange multipliers π k to take the physical conditions (2) into account and using a Newton-Raphson numerical method [30] , the solution of the system given in appendix I is obtained.
In Table 1 , we give the coefficients a ij for the considered chemical species. The coefficients b i depend on the initial weight percentages of the mixture. We obtain a linear system of N + 4 dimension, which can be compared to the dimension of 5 obtained for the linear 
system with the White et al method [9] . At the present time, the computers and their memory size make it easy to solve a large linear system. To resolve the system (appendix I), we used a Gauss numerical method and in our case a preconditioner is not needed but nevertheless can be used [31] . For each chemical species, we have to determine the chemical potential µ 0 i , 17 concerned monatomic chemical species: Ar, Ar
The electrical neutrality is obtained between charged chemical species and electrons. For the monatomic species, the partition function has to be calculated at each temperature step. As described in Refs. [23, 24] , we add artificially levels with a Ritz-Rytberg series, which is called hydrogenoid approximation, to take into account the lowering of the ionization energy due to the electrical charges. The other way is to take only the published excited energy levels into account. Anyway, we calculate the partition function and provide the fitting coefficients in Table 2a . The sensitivity of both calculations to spectral lines intensities will be tested in section 3.2 and Table 4 . In order to calculate the partition functions for the diatomic species, we take all the rotational, vibrational and excitational levels given in tables [32, 33] using the calculation method described in Ref. [34] . As a matter of fact, the thermodynamic functions given in such tables as the JANAF
[21] and BARIN [22] tables are calculated for temperature lower than 6000 K and 2000 K, respectively. In this temperature range the higher excitational levels are not excited, for example the nitrogen oxide at the 2 Π levels is taken into account in JANAF [32, 33] tables 15 states are given for NO. We calculate the partition function with these 15 states. The fitting coefficients are given in Table 2b . Since the polyatomic species appear at low temperature, the standard thermodynamic functions are taken from tables [21, 22, 35] . The values of new molar number and the Lagrangian multipliers are calculated as
The parameter λ is the highest value included between 0 and 1 that satisfies the following conditions:
This step avoids obtaining negative new molar numbers, which will appear when they are far from the solution.
The new values of molar number and Lagrangian multipliers are used for a new calculation cycle. The convergence criterion is fixed as follows: The enthalpy is calculated by:
where h 0 i is the molar enthalpy of i species at reference pressure and Er i is the formation enthalpy of the i chemical species ( Table 2) .
The heat capacity at fixed pressure is calculated by:
The intensities of the monatomic spectral lines can be calculated with
where A mn is the transition probability; λ mn is the wavelength between the upper level m and lower level n; g m is the statistical weight; E m is the energy of the upper level; n i is the total concentration of the specie i and Z int is the internal partition function calculated at temperature T (appendix II). The chosen spectral lines are given in Table 3 . These lines are chosen since they have already been observed in ICP torches or in thermal plasmas at the same temperature [27,36∼39] . The H α and H β spectral line intensities are determined by the intensities summation on the spectral lines given in Ref.
[35].
Results

Composition and thermodynamic functions
To our knowledge, no composition curves and thermodynamic functions for the two considered mixtures have been published previously. These curves are useful for analysts who use industrial ICP torches and help them to save time in reproducing the proposal method or using free software [17∼19] . In Fig. 1 , we have plotted the composition of the two considered mixtures versus temperature between 1000 K and 20000 K. We observe that the main chemical species are argon chemical species until a temperature of 14500 K and the argon ions and electrons for higher temperatures. The electrical neutrality is made mainly between argon ions and electrons in the considered temperature range. For the second mixture ( Fig. 1(b) ), the electrical neutrality is made between nitrogen oxide ions (NO + ) and electrons for temperature lower than 6000 K. For the temperature between 1000 K and 2000 K, the main chemical species are argon Ar, nitrogen N 2 , oxygen O 2 and water H 2 O. The N 2 molecules dissociate in monatomic nitrogen N around 4700 K for mixture 1 and around 5000 K for mixture 2. The O 2 molecules dissociate in monatomic oxygen O around 2600 K for mixture 1 and around 2800 K for mixture 2. The H 2 O molecules dissociate in hydroxyl OH and hydrogen H around a temperature of 2500 K for mixture 1 and around a temperature of 2700 K for mixture 2. For temperatures higher than 6000 K all the monatomic species are ionized into argon ions Ar + , oxygen ions O + , hydrogen ions H + and nitrogen ions N + . In Fig. 2 , we give the enthalpy evolution versus the temperature and the heat capacity at constant pressure for the two considered mixtures and argon plasma. The enthalpy is related to the power injected in the plasma by ICP torch coils. Between 1000 K and 12000 K, the enthalpy increases with slowly. Then, the increase is faster when the ionization of monatomic argon occurs. As a matter of fact it is necessary to add energy, 15.76 eV per atom, to ionize argon. Consequently, we observe this step in the enthalpy between 11000 K and 16000 K. The heat capacity at constant pressure is the sum of two terms [23] :
The C R p is due to the variation of chemical species concentration and the other C F p is due to the variation of the specific enthalpy of each chemical species. So we can associate the peaks to the chemical reactions. By comparing the concentration (Fig. 1) and the heat capacity at constant pressure (Fig. 2) we can determine them. The first peak around 2700 K appearing for mixture 1 and 2900 K for mixture 2 is due to the dissociation of H 2 O into H and O 2 and mainly due to the dissociation of O 2 into O, respectively. This peak does not appear with argon plasma and appears at a higher temperature for mixture 2 since the proportion of addition in argon is higher for mixture 2 than for mixture 1. The second peak appearing for the both mixtures and for argon plasma is due to the ionization of argon. Since the main species Ar, Ar + and e − are the main chemical species (Fig. 1 ) they contribute mainly to the enthalpy and consequently to the heat capacity at constant pressure. Owing to the chosen scales, they can hardly be distinguished in Fig. 2 . By a zoom we can highlight the peak near 2900 K that is due to molecular chemical species that are not presented in argon plasma. 
Monatomic spectral lines
In Table 4 , we give the monatomic spectral lines calculated with consideration of the lowering of the ionization potential and with the hydrogenoid approximation of the upper levels and those obtained from the fitting data given in Table 2a . The relative error between both calculations is less than 0.2%. So the fitting coefficient can be used to determine the spectral line intensities of monatomic chemical species in our considered temperature range. In Fig. 3 , the intensities of the chosen spectral lines are plotted for both considered mixtures and with argon plasma. The argon spectral lines have the same intensities in the three cases. As a matter of fact, since the argon is the main species it follows the Dalton law in the three considered cases calculated at the same pressure. Furthermore, the Boltzmann distribution on the quantum levels has been assumed, we do not take into account the under-population of the low lying state [40] since we assume the considered region to be in the warmest zone of the plasma.
The proportion of nitric acid and water in mixture 2 is higher than that in mixture 1. The intensities of the oxygen monatomic species, hydrogen monatomic species and nitrogen monatomic species spectral lines are higher.
The ratio of the spectral lines between argon lines and oxygen monatomic species, hydrogen monatomic species and nitrogen monatomic species depends directly on the proportion of the vaporized liquid inside the plasma.
The crossing between OI 777.19 spectral lines and H α is made at 8800 K for mixture 1 and at 8900 K for mixture 2. The ratio between these two lines is not really sensitive to the proportion between water and nitric acid for the two considered mixtures. As a mater of fact the nitric acid proportion is higher in both cases. Nevertheless the intensities of nitrogen spectral lines are rather low. Fig.3 (a) Intensities of the chosen spectral lines (Table 3) versus temperature for mixture 1 at atmospheric pressure, (b) Intensities of the chosen spectral lines (Table 3) versus temperature for mixture 2 at atmospheric pressure, Intensities of the chosen spectral lines (Table 3) versus temperature for argon plasma at atmospheric pressure To obtain the plasma composition, we have described a numerical method that is robust and easy to execute for the Gibbs free energy minimization. The specific thermodynamic of chemical species of diatomic species has been calculated with a consideration of higher excitation energy levels, allowing us to use them in a large temperature range from 1000 K to 20000 K. By comparing the monatomic spectral lines intensities, we show that we can use the partition function without hydrogenoid approximation and the lowering of ionization potential in the temperature range between 1000 K and 20000 K for the two mixtures of nitric, water and argon widely used in ICP spectrochemical analyses. All the data for obtaining the composition, the thermodynamic functions and monatomic spectral lines intensities are given, allowing one to reproduce such calculations. From the thermodynamic functions the main chemical reactions are given, showing that the argon plays the major role to the plasma thermodynamic functions. Nevertheless, the loss of energy due to radiation from atoms and molecules emissions has to be studied carefully [41] . Concerning the spectral lines intensities, the argon lines are similar in the three considered cases so these lines can be used as reference lines for the wavelength and the intensity calibrations. The other lines depend directly on the proportion of vaporized droplets inside the plasma and can be used to characterize the plasma state. So the analyst can compare the spectroscopic measurements experimentally obtained with those calculated, and check the repeatability. Any deviation from the calculation results will give indication of the plasma state: thermal equilibrium, chemical equilibrium and total evaporation of the droplet.
Numerical system resolved at each temperature step 
where Er i is the formation enthalpy of the i chemical species (Table 2) and z tr the translational partition function:
where m i is the mass of particle of the i chemical species, h is the Planck constant, k is the Boltzmann constant and P 0 the standard pressure.
